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OBJECTIVES AND OVERVIEW OF PROGRESS 

The specific aims  of this project included: 

1. to define the role of exercise intensity and duration in causing phase-shifts of human 
rhythms; 

2. to determine if morning exposure to a single daytime pulse of exercise is capable of 
pAuss-ad'Vaii.ci.rig iVu.iri.an riiytniiis. 

It was planned that the data from studies performed under aims 1 and 2, when 
combined with our previous observations, would provide a partial human phase- 
response curve to exercise covering nearly 16 hours of the 24-h cycle. This 
objective has been reached and the results are summarized in section A below. 
Section B describes the findings regarding the neuroendocrine effects of daytime 
versus nighttime exercise that were obtained in the course of these studies. We 
also performed a detailed analysis of the effects of bright light or exercise exposure 
on sleepiness and performance which is summarized in section C. 

3. to examine the phase-shifting effects of a single daytime pulse of darkness presented at 
various circadian times. Our findings on the effects of afternoon exposure to dark are 
described in section D. 

4. to carry out studies of conditions that are highly relevant to Air Force operations, i.e. 
jet lag and sleep loss. Our study of hormonal profiles in the course of adaptation to an 8- 
hour phase-advance and of the effects of exposure to bright light or pharmacological 
facilitation of sleep on adaptation to this simulated "jet lag" is included in Section D. 
Section E summarizes our findings on the metabolic and endocrine effects of total or 
partial sleep loss. Finally, our studies on the circadian and homeostatic control of mood 
and cognitive performance are described in Section F. 

A total of 26 publications has resulted from this effort. 

STUDIESCOMPLETED 

A.       Phase-shifting effects of exercise 
• The human phase-response curve to exercise 
We have studied a total of 38 normal young subjects who were exposed to 

sessions of physical exercise at various times of the circadian cycle. In a first study, 17 
subjects were studied twice under so-called "constant routine" conditions (i.e. a regimen 
of constant recumbency, constant dim light (<200 lux) exposure, continuous wakefulness 
and constant caloric intake under the form of an intravenous glucose infusion), once in 
the absence of stimulus and once with a 3-h nocturnal exercise session interrupting the 
constant routine conditions. Phase delays on the order of 1-2 hours were observed when 
the exercise session occurred 2-5 hours before the timing of the minimum of core body 
temperature, while smaller phase delays were observed when the exercise session was 
scheduled around or shortly after the timing of the temperature minimum (publication 
#2).  Our second study was designed to determine the role of intensity and duration of 
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exercise and included 8 healthy male subjects who were each studied three times in 
constant routine conditions with no exercise, a 3-h period of low intensity exercise 
identical to that used in the first study, and a 1-h bout of high intensity exercise. * Exercise 
stimulus was centered at a clock time of 1 am. The results confirmed that a 3-h period of 
low intensity exercise in this range of circadian times result in phase delays of 1-2 hours 
and demonstrated that high intensity exercise of 1-h duration, a protocol more 
compatible with the demands of a real life setting, caused similar phase delays 
(publication #15). A third study enrolled 13 healthy men and examined the effects of 1-h 
hi eh intensity exercise in the morning and earlv afternoon (09-10; 11-12; 13-14; 
manuscript in preparation). In all three studies, exercise capacity was determined for 
each individual prior to the study and the intensity of the exercise was tailored to the 
individual V02max. The onsets of the circadian elevations of plasma TSH and 
melatonin levels were used to determine circadian phase before and after stimulus 
presentation. The timing of the stimulus relative to endogenous circadian phase was 
determined a posteriori from the timings of the TSH and melatonin onsets prior to 
exercise as previously described (publication #1). Figure 1 illustrates the individual data 
as well as the overall human phase-response curve to exercise delineated by these three 
studies using the timing of the melatonin onset as marker of circadian phase. 

The findings summarized in Figure 1 indicate that the phase-shifting effects 
of exercise are generally in the delaying direction, except 2 to 5 hours after the minimum 
of body temperature when, on average, phase-shifts were not significantly different from 
zero. In our laboratory, in normal 20-30 year old male subjects, the minimum of body 
temperature under constant routine conditions occurs at 05:00 ± 85 min. Thus, based on 
the data shown in Figure 1, it would be expected that exercise between 6 am and 11 am 
will have no effect on circadian phase, whereas at all other times of day, exercise (of 
sufficient duration and intensity) will be associated with a delay of circadian phase, as 
estimated by the dim light melatonin onset. When all phase-shifts observed in response 
to nighttime exercise were pooled (publication #15), a significant trend towards greater 
delays in the earlier part of the night was detected. Ongoing efforts examine the effects of 
afternoon exposure to 1-h high intensity exercise to complete the human PRC to exercise. 

Figure 1 
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B.       Neuroendocrine effects of daytime versus nighttime exercise 

Although it is known that glucose metabolism and neuroendocrine 
secretions affected by exercise (e.g. cortisol, GH and insulin) are markedly modulated by 
both circadian rhythmicity and sleep, almost all studies on the neuroendocrine and 
metabolic effects of exercise have been performed in the morning. However, in 
conditions of jet lag and shift work, exercise often occurs at abnormal times of day. Our 
studies on the phase-shifting effects of exercise have provided an opportunity to 
delineate daytime versus nighttime differences in metabolic and neuroendocrine 
responses to exercise. We compared, in young healthy men, the metabolic and 
hormonal responses to a 3-hour exercise bout (40-60 % VO2 max), as compared to 
continuous bedrest, at two different times of the 24-h cycle period, i.e. around midnight 
(i.e. at 23:30, near the time of the cortisol nadir), and in the afternoon (i.e. at 14:30, during 
the decreasing phase of cortisol concentrations). To avoid possible influence of different 
meal schedules, all subjects remained fasted and received a constant glucose infusion as 
energy supply. In such conditions, changes in plasma glucose concentrations mainly 
reflect changes in glucose utilization because glucose production is largely suppressed. 

For each measured blood constituent, the baseline level was calculated as 
the mean of the three values measured during the 60-min period preceding the 
scheduled period of exercise (or bedrest). The effects of exercise vs rest during the day and 
during the night were quantified by calculating the area under the curve above (positive 
area) or below (negative area) the baseline level during the 3-hour exercise or rest period 
as well as by calculating the maximum difference between the exercise and rest condition. 
Figure 2 summarizes the major findings of the study. 

Figure 2 
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Briefly, there were major daytime versus nighttime differences;_in the 
glucose, cortisol and TSH responses to exercise. Decreases in glucose levels (representing 
primarily increases in glucose utilization) were nearly twofold larger for nighttime 
exercise than for daytime exercise despite relatively similar rates of insulin secretion. 
Cortisol elevations in response to exercise were significant in the afternoon only. GH 
elevations were significant at both times of day and were not influenced by time of day 
(not shown). Major daytime versus nighttime differences in TSH responses to exercise 
were observed, indicating thai: the effects of exercise on TSH levels are mucn more 
pronounced when exercise occurs at a time of stimulated TSH secretion (i.e. after the 
major nocturnal TSH elevation) than at a time of low daytime secretion. Analyses of 
relationships between decreases in glucose levels and elevations in hormonal 
concentrations revealed a significant correlation between the drop in glucose and the 
increase in TSH, suggesting that the metabolic effects of nighttime exercise may be 
modulated by TSH, a hormone which increases nearly twofold during nocturnal, but not 
diurnal, sleep deprivation. 

These findings indicate that the metabolic and neuroendocrine effects of 
exercise are likely to be markedly different when exercise occurs at the usual time of day 
than when it is displaced towards the nighttime period, as may happen in the course of 
adaptation to jet lag or shift work (publication #18). 

C        Effects of bright light or exercise exposure on sleepiness and performance 

This study delineated for the first time the temporal relationships between 
subjective fatigue, neuroendocrine function and a measure of glucose utilization during 
sleep deprivation (publication #12). Measurements of subjective fatigue (as assessed by 
the Stanford Sleepiness Scale), cognitive performance (on a digit symbol substitution test 
and a symbol copying task), body temperature and of the peripheral concentrations of 
melatonin, thyrotropin (TSH) and cortisol were obtained simultaneously at frequent 
intervals in 17 normal young subjects submitted to a 43-h period of constant routine 
conditions, involving continuous wakefulness at bedrest in dim indoor light. Following 
the completion of a baseline constant routine study, the volunteers participated in two 
subsequent studies using the same protocol to determine the immediate 
psychophysiological effects of exposure to a 3-hour pulse of bright light or to a 3-h pulse of 
physical exercise. 

Sleepiness and performance varied in a mirror image, with significant negative 
correlations. Sleepiness scores were minimal around noon, and then increased at a 
modest rate throughout the rest of the normal waking period. Staying awake during 
usual bedtime hours was associated with an acceleration in the rate of increase in 
sleepiness. When body temperature reached its nadir, a further major increase in 
sleepiness occurred, in parallel with a pronounced decrease in plasma glucose (reflecting 
increased glucose utilization). Recovery from maximal sleepiness started when blood 
glucose levels stopped falling and when significant decreases in cortisol and melatonin 
concentrations were initiated. Lower levels of subjective sleepiness resumed when 
glucose concentrations and body temperature had returned to levels similar to those 
observed prior to sleep deprivation, and melatonin and TSH concentrations had returned 
to daytime levels. The synchrony of behavioral, neuroendocrine and metabolic changes 
suggests that circulating hormonal levels could exert modulatory influences on sleepiness 
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and that metabolic alterations may underlie the sudden increase in fatigue consistently 
occurring at the end of a night of sleep deprivation. . _ 

Effects of bright light or exercise exposure on subjective sleepiness appeared to be 
critically dependent on the timing of exposure. We were unable to demonstrate 
significant decreases in sleepiness or increases in performance during light exposure. 
However, effects of light exposure on SSS were seen following the termination of 
exposure to light and appeared to persist throughout the day following the night of sleep 
deprivation. These effects of light exposure were dependent on the timing of light 
exposure relative to the period of maximal sleepiness. When the light pulse was given in 
the early part of the night, melatonin levels rebounded to high concentrations in the later 
part of the night, the offset of nocturnal secretion was delayed and subjective sleepiness 
during the subsequent day tended to be higher than under baseline conditions. When the 
light pulse was given during the later part of the night, melatonin levels no longer 
returned to high concentrations at the end of light exposure, the offset of nocturnal 
melatonin secretion was therefore advanced and subjective sleepiness during the 
subsequent day tended to be lower than under baseline conditions. These findings 
indicate that the later part of the night is the period of choice for the use of light to 
alleviate sleepiness during conditions involving prolonged sleep deprivation. 

The effects of exercise on sleepiness also appeared to be dependent on the timing of 
exercise exposure relative to the major early morning increase in sleepiness. In subjects 
who exercised prior to the major early morning increase in sleepiness, exercise did not 
have any immediate effect on sleepiness scores but tended to increase subjective fatigue 
throughout the next day. In contrast, in subjects who exercised during peak levels of 
sleepiness, subjective fatigue appeared partially alleviated during the exercise session, and 
SSS scores on the following day did not differ from those recorded in the absence of 
physical activity. These findings indicate that, under controlled laboratory conditions 
involving dim indoor light conditions, increased physical activity may counteract the 
major early morning trough of alertness. 

D.       Hormonal rhythms and sleep during to 8-h advance of light-dark cycle 

This study was designed to delineate alterations in 24-h hormonal profiles (TSH, 
thyroid hormones, melatonin, cortisol) and sleep following an 8-hour advance shift 
achieved without enforcing prolonged sleep deprivation. The effects of bright light 
exposure or sleep facilitation with zolpidem were investigated in separate studies 
performed in the same subjects. Each study involved blood sampling at 20-min intervals 
for 68 hours and included a baseline period with dim light during waking hours and 23-07 
h bedtimes in total darkness. The 8-hour shift was achieved by advancing bedtimes to 15- 
23 h. The effects of the phase-advance were markedly different for each hormonal system, 
reflecting differential effects of sleep displacement, circadian misalignment and their 
interaction, and are therefore the object of 3 separate reports (publication #7, publication # 
17, one publication in preparation). 

• The "jet lag syndrome" may be associated with an elevation of TSH levels 
Previous studies which had examined perturbations of hormonal patterns 

during adaptation to real or simulated "jet lag" concurred in demonstrating that the 
misalignment between the sleep-wake cycle and endogenous circadian rhythmicity was 
associated with an abnormal synchronization of hormonal events  but  that  mean 
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hormonal concentrations were not altered. In contrast, the present study demonstrated 
that, during the two first days following the 8-h advance of the sleep-wake and dark-light 
cycles, plasma TSH levels increase progressively because daytime sleep fails to inhibit TSH 
and nighttime wakefulness is associated with large TSH elevations. As a result, in the 
absence of countermeasure, mean daytime TSH levels may be two- to threefold higher 
than under baseline conditions. This increase in plasma TSH levels appeared associated 
with a trend towards a small elevation of T3, but not T4, levels. Both bright light 
treatment and pharmacological sleep facilitation can limit the progressive elevation of 
TSH levels occurring during adaptation to a phase advance but distinct mechanisms 
underlie their beneficial effects. The effects of bright light are likely to reflect accelerated 
adaptation of Orcadian rhythmicity. The study with zolpidem provided no evidence for 
an effect of hypnotic treatment on circadian phase (publication #7). 

• Phase-shifting effects of daytime exposure to dark pulses 
Analyses of the melatonin profiles indicated that the advance of the dark 

period from 23-07 to 15-23 resulted in an lh30-2h advance of the onset of melatonin 
secretion which appeared within 6 hours after lights out. This phase advance was not 
limited to the onset of nocturnal secretion but affected the entire profile. The subsequent 
exposure to dim light or bright light starting at the usual bedtime and extending for the 
next 16 hours had only modest additional effects on the synchronization of the melatonin 
onset on the second day after the shift. However, facilitating effects of bright light 
exposure on the melatonin offset were clearly apparent on the 2nd day after the shift. In 
contrast, under zolpidem, the phase-shifts of the melatonin onset were smaller than those 
observed in the absence of treatment. 

At least two distinct mechanisms may underlie the unexpected observation of a 
rapid advance of the melatonin onset after 4-6 hours of scheduled sleep in total darkness 
starting in the mid afternoon. Since the dim light intensity (£200 lux) had clear inhibitory 
effects on nocturnal melatonin levels, it is possible that, under baseline conditions, 
evening dim light exerted masking effects on the melatonin onset that were eliminated by 
prolonged exposure to darkness. However, recent studies which have measured the 
melatonin onset in similar population of subjects but under conditions of lower 
illumination (<10-50 lux) have consistently reported onset times around 22 h, i.e. similar 
to those observed under baseline conditions in the present study. Thus, it appears 
unlikely that the use of dimmer light at baseline would have resulted in a smaller phase- 
advance of the onset during dark exposure. The fact that the entire melatonin profile was 
advanced following dark exposure also argues against a simple unmasking effect. An 
alternative mechanism is that exposure to dark directly affects human circadian phase. 
Phase-response curves to dark pulses have been described in studies of nocturnal as well 
as diurnal rodents. The present study provides evidence that exposure to dark may have 
phase-shifting effects in the human. A role for the associated change in rest-activity state 
cannot be excluded but is not supported by the present study. Indeed, there were no 
correlations between any measure of sleep quantity or quality and magnitude of the 
phase-shift and pharmacological facilitation of sleep by zolpidem was not associated with 
larger phase-shifts than placebo treatment (publication #17). 
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• Pharmacological sleep facilitation exacerbates disturbances of cortisol 
secretion . _ 
Ongoing analyses of the cortisol profiles have revealed that masking effects 

of the advanced sleep-wake cycle (i.e. short term inhibition following sleep onset; short 
term stimulation following awakenings) prevented the derivation of reliable estimations 
of endogenous circadian phase from the cortisol profiles. 

The acrophase of the cortisol waveshape largely failed to adapt to the new 
schedule, as the total shift achieved on the 2nd day after the 8-h phase advance averaged 
only 60 min. In contrast, the nadir advanced by more than 3 hours. There were no 
differences between the dim light, bright light and zolpidem studies for the timing of the 
acrophase or the nadir. The quiescent period of cortisol secretion was abridged by 2 to 3 
hours on the lrst and 2nd day after the shift, as compared to baseline. This failure to 
suppress cortisol levels for a normal period of time was more pronounced in the 
zolpidem study, than in the two other studies. Indeed, during the shifted sleep periods 
treated with zolpidem, cortisol levels were modestly, but significantly, higher than 
during the dim light and bright light studies. Since we had previously shown that 
administration of the same dosage of zolpidem at the normal bedtime (i.e. 23 h) has no 
detectable effects on overnight plasma cortisol levels (19), these findings indicate that the 
neuroendocrine effects of the drug vary according to time of day. 

In summary, in the course of adaptation to advance jet lag, pharmacological 
sleep facilitation with zolpidem had beneficial effects on sleep quality and limited the 
elevation of TSH levels, but failed to accelerate the adaptation of circadian phase and 
exacerbated the disruption of hypothalamo-pituitary-adrenal function (manuscript in 
preparation). 

E.        Metabolic and endocrine effects of total or partial sleep loss 

Sleep curtailment is an increasingly common condition in industrialized societies. 
Around the clock operations imply chronic partial sleep loss for the large population of 
shift workers and the repeated occurrence of acute total sleep deprivation for certain key 
personnel. While the consequences of sleep loss for performance and safety have 
recently received public attention, little is known about possible adverse effects on health. 
Indeed, sleep loss is generally thought to affect behavioral, rather than physiological, 
function. During the previous grant period, we examined the effects of acute partial or 
total sleep deprivation on the profile of cortisol levels (Publication #14) and initiated a 
study on the effects of partial sleep loss for several consecutive days (i.e. building a "sleep 
debt") on hormonal, metabolic and cardiovascular function as well as mood and 
cognitive performance (Abstract # 13). 

• Effects of sleep loss on alterations of the corticotropic axis 
Plasma cortisol profiles were determined during a 32-h period in normal 

young non-obese subjects submitted to three different protocols: normal sleep schedule 
(n=9; 23-07); partial sleep deprivation (n=7; sleep: 04-08); total sleep deprivation (n=17). 
The subjects remained recumbent throughout the study. In the absence of sleep 
deprivation, cortisol levels over the time period 18-23 were similar on the two 
consecutive days of the study. In contrast, both partial sleep loss and total sleep loss were 
followed by significant increases of cortisol levels over the 18-23 period on the 2nd as 
compared to the lrst day.    Thus, sleep loss appeared to delay the recovery of the 
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hypothalamo-pituitary-adrenal axis from early morning circadian stimulation, resulting 
in elevated evening cortisol levels. This is likely to involve an alteration in,negative 
glucocorticoid feedback regulation. We hypothesize that sleep loss could thus affect the 
rate of recovery from stress, i.e. the resiliency of the stress response. 
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We have recently confirmed these 
observations in an independent group of 13 young 
non-obese healthy subjects who underwent total sleep 
deprivation under the same experimental conditions. 
These subjects were asked to complete a set of visual 
analog scales (VAS) designed to measure vigor and 
affect as well as the Positive Affect and Negative 
Affect Scale (PANAS) at hourly intervals. Both these 
instruments include subjective measures of stress. 
The VAS for mood include a scale for "calm" and a 
scale for "tense". The PANAS requests a score on the 
adjectives "nervous" and "jittery". Fig. 3 illustrates 
the cortisol profiles as well as the scores on these four 
subjective measures of "stress". Interestingly, while 
the volunteers did not rate the sleep deprivation as 
stressful on any of the four scales, evening cortisol 
levels were clearly elevated following sleep 
deprivation. 

Figure 3 

Mean (and SEM in open bars) scores on four subjective assessements 
of stress and cortisol levels at 2-h intervals during a normal day 
and during 40 hrs of continuous wakefulness. 

1030 0030  0B30        2030        0830 0030 

24-HOUR CLOCK TIME 

F.        Effects of circadian and sleep-wake homeostasis on mood and cognition 

Studies using experimental designs dissociating the sleep-wake cycle from 
circadian rhythmicity have demonstrated that sleepiness is a function of the duration of 
prior wakefulness as well as a function of time of day. Self-assessments of mood and 
performance on simple repetitive tasks are also influenced by circadian rhythmicity and 
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sleep-wake homeostasis. We took advantage of our "constant routine studies" 
(performed to derive the human phase-response curve to exercise) to further delineate 
examine the relationship of sleepiness to mood and cognitive performance using a novel 
battery of tests, the Harvard Cognitive Performance Battery (HCPB; developed by S. 
Kosslyn, Harvard University) and a more sophisticated instrument for mood assessment, 
the Positive and Negative Affect Scale (PANAS). Unlike previous batteries of 
performance tests, the HCPB measures performance in a range of well-defined cognitive 
systems that have been mapped by positron emission topography techniques to specific 
brain regions and includes four tasks, which will be referred to as "logical reasoning", 
"mental rotation", "vigilance" and "perceptual cueing task" (described in detail in section 
5.4). In addition, standard measures used in previous studies (Stanford Sleepiness Scale, 
VAS scales of mood and vigor, digit symbol substitution task) were also obtained 
simultaneously at frequent intervals in normal young subjects submitted to a 40-h period 
of constant routine conditions. 

The results are summarized in Table 1 and provided a number of novel insights 
into the homeostatic and/or circadian control of mood and cognition. In particular, the 
use of the PANAS demonstrated that positive affect, but not negative affect, is modulated 
by circadian rhythmicity. An effect of sleep-wake homeostasis on mood could not be 
detected with the simple VAS scale but the use of the PANAS instrument clearly 
evidenced an effect of duration of prior wakefulness on positive affect. Remarkably, 
certain types of cognitive performance, i.e. mental rotation and - to a lesser extent - logical 
reasoning, appear relatively unaffected by either circadian rhythmicity or sleep-wake 
homeostasis whereas highly significant effect of both processes were demonstrated for the 
vigilance task and the perceptual cueing task. Effect size analysis indicated that 
deleterious effects of sleep deprivation on performance were largest for the throughput 
(i.e. number of correct answers per unit of time) of the vigilance task (two manuscripts in 
preparation). 

Table 1:  Circadian and homeostatic modulation of sleepiness, mood and performance. 

EFFECT SIZE 

SUBJECTIVE SLEEPINESS 

Stanford Sleepiness Scale 

Global Vigor 

SUBJECTIVE MEASURES OF MOOD 

Global Affect 

Positive Affect 
Negative Affect 

PERFORMANCE ON THE HCPB 

Vigilance task 

reaction time all stimuli 
throughput 

Perceptual Cueing task 

reaction time cue valid 

reaction time all stimuli 

Logical Reasoning task 

reaction time 

throughput 

Mental Rotation task 

reaction time 

% error 

P < 0.001 P < 0.005 3.3 

P < 0.05 P < 0.05 1.9 

P < 0.05 P < 0.05 0.5 
P < 0.001 P < 0.05 0.8 

N/S N/S 0.1 

P < 0.005 P < 0.01 1.5 
P < 0.01 P < 0.005 1.8 

P < 0.005 P < 0.05 1.7 

P < 0.06 P < 0.01 1.5 

P < 0.05 N/S 0.8 

N/S N/S ' 

N/S N/S . 
N/S N/S 
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